Purpose To determine embryo and cycle-specific parameters associated with twin live birth in day 3 cryopreserved double embryo transfer (DET) cycles, and to propose a new prediction model for external validation. Methods All cycles with autologous or donor cryopreserved DET of day 3 embryos from 2002 to 2011 at a single academic institution with a singleton or twin live birth were included (n=207). Patient characteristics, post-thaw embryo morphology and freeze-thaw parameters were compared between patients with a single and twin live birth. Results Demographic characteristics were similar, except that patients delivering twins were younger at age of cryopreserved embryo transfer (CET), fewer were parous and more were anovulatory. Duration of embryo storage, time in culture post-thaw, endometrial thickness and use of assisted hatching were comparable. Six predictors of twin delivery were identified: patient age <35 year at CET, intact survival of the lead embryo, resumption of mitosis, 7-8 viable cells in the non-lead embryo, transfer of a lead embryo with ≥7 cells and a sum of ≥14 viable cells in the two transferred embryos. Regression modeling predicted a step-wise increase in the probability of twins with addition of each predictor; with all six present, the risk of twins was predicted to be 53 % and with none present, the risk decreased to 6 %. Conclusions The six identified variables associated with twin live birth following day 3 cryopreserved DET have been applied to derive a prediction model for estimating the risk of twin delivery. External validation of the model is required prior to clinical application.
Introduction
Since the introduction of assisted reproduction, the twin live birth rate has increased by 76 % from 18.9 per 1,000 live births in 1980 to 33.2 per 1,000 live births in 2009 [20] . Of the 7,424 live births reported in the Society for Assisted Reproductive Technology (SART) database from cryopreserved non-donor embryos in 2009, 22.3 % were twins, compared to an approximate 1 % incidence of spontaneously conceived twins in the United States; the mean number of embryos transferred in these cycles varied with recipient age and ranged from 2.0 to 2.3 [5] .
The adverse maternal and neonatal outcomes associated with twins are well-documented and include gestational hypertension, pre-eclampsia and eclampsia, cesarean section, postpartum hemorrhage and maternal death, along with preterm delivery, low and very low birth weight, congenital malformations, perinatal and neonatal death, and long-term neurodevelopmental disability [6, 18, 33, 37] . Compared to singletons, twins are ten more times likely to weigh less than 1500 g at birth and eight times more likely to die within the first month of life [13] .
With increased focus on elective single embryo transfer (eSET), defining criteria for appropriate application of eSET in cryopreserved embryo transfers (CETs) as well as fresh embryo transfers is critical to optimize cumulative pregnancy rates and reduce the overall risk of multiple gestations. Several studies have shown a relationship between implantation rates and various parameters associated with thawed cleavage stage embryos including: survival of an intact embryo [4] , resumption of mitosis in post-thaw culture [10] , fresh embryo morphology [29] , percent blastomere survival after thaw [7] , the use of laser assisted hatching after thaw [2] , lead cell number at transfer [9] and endometrial thickness [8] . Factors such as duration of embryo storage, post-thaw embryo morphology, length of time in post-thaw culture and age and body mass index (BMI) of the patient at embryo transfer have not been thoroughly evaluated. The purpose of this study was to derive a prediction model based on these parameters to estimate an individualized risk of twins following double embryo transfer (DET) of day 3 cryopreserved embryos.
Material and methods
This study was approved by the Partners' Healthcare Institutional Review Board for record review.
Experimental design
All cryopreserved autologous and donor cycles performed at Brigham and Women's Hospital from January 1, 2002 to September 30, 2011 were reviewed (n=2,502). Cycles with slow freeze and thaw of day 3 embryos with subsequent transfer of two day 3 embryos were included, provided that the outcome was a singleton or dizygotic twin live birth. Only one cycle per patient was included. Demographic, cryopreservation, embryo and cycle parameters were compared between patients with a single live birth and those with a twin live birth. Exclusion criteria were pronuclear, day 2 or day 5 cryopreservation, day 5 transfer, blastomere or polar body biopsy, cycles involving embryos frozen from multiple stimulations, no long luteal GnRH pre-treatment for pituitary suppression, and no luteal phase support (i.e. natural cycles). Cycles with missing data were likewise excluded. In addition, cycles with luteal support using preparations other than intramuscular progesterone were excluded, as live birth rates in CET cycles supplemented with micronized vaginal progesterone (8 % Crinone) have been found to be significantly lower than those supplemented with intramuscular progesterone [12] . Application of these inclusion and exclusion criteria left 207 cycles for subsequent analysis.
Clinical and laboratory protocols
Clinical protocols for controlled ovarian hyperstimulation (COH), insemination and endometrial preparation were the same as previously described [25] . All thaw cycles were programmed with luteal GnRH. Estradiol acetate (Estrace, Warner Chilcott, Rockaway, NJ, USA) was used to achieve a target endometrial thickness of ≥7 mm based on a previous study showing a significant reduction in implantation when the endometrial thickness was <7 mm [8] . Cycles were supplemented with intramuscular progesterone 25-50 mg daily starting 3 days prior to transfer through 10 weeks' gestational age or negative hCG.
Supernumerary day 3 embryos were cryopreserved if they had at least 6 cells, <10 % fragmentation and the blastomeres did not exceed moderate asymmetry in size and shape as evaluated using the scoring system of Racowsky et al. [24] . The one-step slow freezing and thaw protocols of Liebo were used [16] . Upon thawing, embryos were serially washed in HTF+HEPES supplemented with 10 % human serum albumin and incubated for 10 min at room temperature prior to being placed in growth media (G1.5, Vitrolife, Göteborg, Sweden or Global, LifeGlobal, Guilford, CT USA) for a minimum of 2 h before embryo transfer. Day 3 embryos were scored for cell number, fragmentation and asymmetry immediately after thaw and again just before transfer. Transfer was performed with or without ultrasound-guidance according to physician preference, using a Wallace catheter (Marlow/Cooper Surgical, Shelton, CT, USA). Two embryos were transferred in all cycles included in this study dataset.
Outcome variables
Patient demographics, such as age at embryo freeze and age at transfer, gravidity, parity, BMI, day 3 FSH, infertility diagnosis, number of prior failed cycles and outcome from the corresponding fresh cycle were recorded. Cycle-level parameters, such as endometrial thickness on the day orders were set to thaw the embryos (mapping), use of assisted hatching with Acid Tyrode's, number of embryos thawed and total number of cells transferred were compared between patients with a single live birth and those with a twin live birth. Likewise, embryo-specific characteristics such as resumption of mitosis during post-thaw culture (defined as division of at least one blastomere), number of blastomeres pre-and post-thaw, degree of post-thaw fragmentation and blastomere asymmetry were compared between the two patient groups. An embryo was termed 'intact' if the number of cells after thaw was equal to the number of cells prior to freeze. A 'good quality' embryo was defined as having ≥7 cells on day 3 without regard to fragmentation or asymmetry, while a 'superior quality' embryo was defined as having ≥7 cells, a fragmentation score of <10 % and with blastomeres with either no asymmetry or moderate asymmetry (as compared with severe asymmetry). The 'lead embryo' was defined as having the best composite morphology score per Racowsky et al. [24] , and the 'non-lead' embryo was the other one transferred. Live birth was defined as delivery of a viable infant after 24 weeks gestational age.
Model building and statistical analyses
Statistical Analysis Software (SAS®) version 9.2 (SAS Institute, Inc., Cary, NC, USA) was used for all analyses. Relative risks (RR) and 95 % confidence intervals (CI) were calculated using log binomial regression, after adjusting a priori for age at freeze, age at transfer and cell number (<7 cells, 7-8 cells, >8 cells) of each of the two transferred embryos. When CI's excluded 1.0 or P-values were <0.05, variables were regarded as statistically significant and included in the final model. If multiple predictors of the same factor (e.g. cell number and whether the embryo was a slow, appropriate or fast cleaver) were significant in the crude analysis, the number of parameters and the strength of the associations were considered when choosing which predictor to include in the final model in an effort to limit colinearity. To calculate the risk of twins from the log probability, the estimates were exponentiated according to the final model (refer to the section 'Prediction of twins in DET cycles' under Results for the regression equation). Given the small sample size, all cycles were used as a training set for derivation of the final model.
Results

Patient demographics and cycle parameters
Patients who delivered a singleton were similar to those who delivered twins with respect to the following characteristics: age at freeze, day 3 FSH, BMI, number of prior failed fresh and frozen cycles, duration of embryo storage, use of assisted hatching at CET and endometrial thickness at mapping (Table 1) . Women delivering twins were younger at the time of CET (mean±standard deviation (SD): 33.1±4.9 vs. 36.0±6.2 year), slightly fewer were parous (40.8 % vs. 46.8 %) and more had anovulatory infertility (22.4 % vs. 9.6 %). In contrast, those delivering a singleton were more than twice as likely to have diminished ovarian reserve (26.1 % vs. 10.2 %). The incidence of prior failed cycles, use of assisted hatching in the CET cycle and the thickness of the endometrium on the day of mapping were similar between the two patient groups. Among the 207 CETs, 61 were from oocyte donation cycles (twins: 18.4 % vs. singleton: 32.9 %). Women who delivered twins were more likely to have had two ≥7-cell embryos transferred (49.0 % vs. 38.6 %) and fewer had no ≥7-cell embryos transferred (6.1 % vs. 24.1 %) (Table 1) . Furthermore, the proportion of embryos having 7-8 cells was greater for the twin group compared with the singletons (lead embryos: 67.3 % vs. 52.5 %; non-lead embryos: 38.8 % vs. 20.3 %).
Association of embryo and clinical variables and the risk of twin live birth
The associations between the risk of twin live birth and postthaw morphology of the lead and non-lead embryos are shown in Table 2 . The remaining patient, embryo and cycle-specific variables are summarized in the forest plot in Fig. 1 . When adjusted for patient age at embryo freeze and age at transfer, four variables significantly increased the risk of twins: 1) resumption of mitosis in either of the transferred embryos during post-thaw culture; 2) intact survival of the lead embryo (i.e. the same number of cells pre-and post-thaw); 3) the lead embryo having ≥7 cells, regardless of fragmentation or asymmetry scores; and 4) the lead embryo having ≥7 cells, <10 % fragmentation, and without severe asymmetry (i.e. having the pre-defined criteria for a superior embryo). Inclusion of these fragmentation and asymmetry scores when the lead embryo had ≥7 cells, interestingly, did not further increase the risk of a twin live birth; in fact, the association was not as strong as that for cell number alone: 27.3 % (adjusted RR 2.37, CI=1.01-5.59) vs. 27.9 % (adjusted RR 3.65, CI=1.20-11.10). When the non-lead embryo survived intact or met the criteria of a superior embryo, the risk of twins was also increased, but the CI's crossed 1.0 (adjusted RR 1.54, CI=0.96-2.46 and adjusted RR 1.42, CI=0.84-2.40, respectively).
Three variables were associated with a decreased risk of twins: 1) age ≥35 years at the time of CET; 2) number of cells in the non-lead embryo; and 3) the sum of the viable cells in the two transferred embryos. When age at freeze and age at transfer were considered together, the incidence of twins was 32.4 % when both were <35 year (referent), 14.9 % for age at freeze <35 year and age at transfer ≥35 year (RR 0.46, CI=0.24-0.87), and 12.5 % for age at freeze ≥35 year regardless of age at transfer (RR 0.39, CI=0.15-1.00; ptrend=0.006). In the crude analysis, the risk of twins was greatest when the non-lead embryo had 7-8 cells (37. c Represents >3rd quartile for duration of embryo storage.
d Represents >3rd quartile for duration of post-thaw culture.
e Either lead or non-lead embryo resumed mitosis in post-thaw culture (defined as division of at least one blastomere).
f Assisted hatching with Acid Tyrode's. g Pregnancy outcome in corresponding fresh cycle was live birth.
h Intact signifies that the number of cells after thaw was equal to the number of cells prior to cryopreservation (i.e., 100 % thaw survival).
i Referent group is non-lead embryo with <7 cells. j Referent group is non-lead embryo with 7 or 8 cells.
k Superior morphology indicates that an embryo has ≥7 cells, a fragmentation score of <10 % and with blastomeres not exhibiting severe asymmetry.
l Sum of cells in the lead and non-lead embryo; referent group is 14-18 cells transferred significant after adjusting for age at freeze, age at transfer and cell number in the lead embryo. Finally, when there were less than 14 viable cells in the two transferred embryos combined, the risk of twins was significantly lower than when embryos with 14-18 cells were transferred (17.1 % vs. 31.6 %, respectively; adjusted RR 0.57, CI=0.33-0.98).
Notable variables that did not significantly affect the twin rate were duration of embryo storage (range 0.1-6.1 year; median 0.7 year) and time in post-thaw culture (range 0.3-8.5 h; median 3.5 h), use of assisted hatching, endometrial thickness ≥7 mm on day of mapping, pregnancy outcome in corresponding fresh cycle and BMI of the woman having the CET (Figure 1 ).
Prediction of twins in DET cycles
The final model contained the following variables which, from the crude analysis, were all found to be significantly associated with the risk of twins: age at transfer, intact survival of the lead embryo after thawing, resumption of mitosis, cell number of the non-lead embryo, transfer of a superior quality lead embryo and number of viable cells transferred for the two embryos combined. When these parameters were included in the final model, none remained a significant predictor of twin live birth. Nonetheless, when considered together in various clinical scenarios, the expected probability of twins varied from 6 % to 53 % ( Tables where A = −2.2497-0.6840(age at freeze ≥35) -0.5306(age at freeze < 35, age at transfer ≥35) + 0.4940(lead embryo has superior quality) + 0.1163(non-lead embryo has 7-8 cells) − 0.5477(non-lead embryo is a fast cleaver) + 0.2972(resumption of mitosis in either embryo) + 0.2195(total number of viable cells transferred is 14-18) + 0.1410(total number of viable cells transferred is <14) + 0.4863(lead embryo is intact). For a given variable in the model, the value is set to equal 1 where the statement is true and 0 where false.
Discussion
To our knowledge, this is the first study designed specifically to identify variables in a day 3 freeze-thaw cycle that are predictive of a twin live birth following transfer of two day 3 embryos. Our results show that the risk of twins following day 3 cryopreserved DET varied according to specific patient characteristics and postthaw embryo morphology, viability and cell number. Parameters that were predictive of twins unique to our analysis were age at CET, post-thaw embryo morphology and total number of viable cells transferred. The strongest predictor of twins was transfer of a lead embryo having ≥7 cells without regard to fragmentation or symmetry (a 3.65-fold increase in relative risk). Factors such as live birth in the corresponding fresh cycle, duration of cryopreservation, length of time in post-thaw culture, use of assisted hatching, endometrial thickness at mapping and recipient BMI did not significantly affect the risk of twins.
While we identified a total of six distinct variables that significantly affected the risk of twins, all but one was related a Lead embryo is defined as the best embryo transferred based on cell number, fragmentation score and symmetry score; relative risks are from log binomial models adjusted for age at freeze, age at transfer and developmental stage of non-lead embryo (<7 cells, 7-8 cells, >8 cells) b Non-lead embryo is defined as the second best embryo transferred, based on standard morphologic scoring; relative risks are from log binomial models adjusted for age at freeze, age at transfer and developmental stage of lead embryo (<7 cells, 7-8 cells, >8 cells) c Fragmentation scores of 0-4 were assigned to each embryo (0 %, 1-9 %, 10-25 %, 26-50 % or >50 %, respectively)
d Symmetry scores of 1-3 were assigned to each embryo (perfect symmetry, moderate asymmetry and severe asymmetry, respect to characteristics of the transferred embryos. The one clinical variable identified as a predictor was, surprisingly, the patient age at CET rather than the patient age at embryo freeze. Currently, no consensus exists regarding the effect of uterine senescence on pregnancy rates [22] . Several studies have evaluated whether or not patient age at transfer affects pregnancy rates, and the results are conflicting: Legro et al. [15] and Paulson et al. [23] reported that advanced uterine age is not associated with decreased implantation potential, while Rosenwaks et al. [28] , Borini et al. [3] , Moomjy et al. [22] and Toner et al. [35] demonstrated that embryo recipients over a particular age threshold have decreased implantation rates, independent of donor age and embryo morphology. Specifically, Moomjy et al. [22] reported decreased implantation rates in women ≥ 35 years (29 % vs. 37 %, P=0.002), Borini et al. [3] specified a higher age threshold (age≥40-years: 24.5 % vs. 47.3 %, P<0.05) and Toner et al. [35] found the effect was limited to women ≥50 years (15.7 % vs. 22.4 %, P=0.008). Interestingly, in the largest study, Toner et al. analyzed over 17,000 donor cycles in the SARTdatabase and found that this effect of recipient age was noted in fresh embryo transfer cycles only, and not in CET cycles. Furthermore, twin live birth was more common in younger recipients (44.2 % of patients age 25-29 years delivered twins, compared to 35.9 % of patients age 35-39 years; P=0.01) [35] . The reason for this age-related effect of the uterus remains unclear, but may be attributed to decreased uterine blood flow, impaired sensitivity to progesterone and altered endometrial receptivity with advancing age [21, 34] . Embryo cryopreservation has the potential to reduce multiple gestation rates through an eSET paradigm in which embryos from the same stimulation are transferred, one at a time, in subsequent cycles. Repeat SET was shown to be equivalent to or outperform repeat DET in the towardSET Collaboration predictive model in terms of cumulative live birth rate and the risk of twins, provided that loss of viability due to freeze-thaw was moderate or less [26] . Dizygotic twinning was also eliminated in the repeat SET model, whereas the repeat DET model predicted a 20.9 % twin rate with a lower overall live birth rate (39.0 % vs. 41.4 %; [26] ). Moreover, there is accumulating evidence that both pregnancy rates [1, 27, [30] [31] [32] and obstetric and neonatal outcomes [11, 19] may be improved in cryopreserved cycles, specifically due to uncoupling the processes of COH and embryo transfer. Thus, as routine cryopreservation may emerge as a method to optimize the safety and efficacy of assisted reproduction, the development of prediction models specific to eSET in cryopreserved cycles will become increasingly important, as recently published for fresh embryo transfers [14, 36] .
There are several limitations to the current study. Given the small sample size resulting from our strict inclusion criteria, there were insufficient cycles to allow us to split the data into training and validation sets. Accordingly, we cannot comment on the model's discrimination or calibration functions. As adequate performance with both internal and external validation is a requisite for use in clinical practice, our model for predicting twin pregnancy requires validation prior to implementation [17] . Also, because of the limited size of our dataset, it was not possible to model the distinction between those women who had DET due to clinical history and overall embryo quality versus those who had DET because only two embryos were suitable for transfer. Without this distinction, the data are more heterogeneous, as the a priori risk of twins may be different between these groups. Finally, this study applies to a specific subset of patients only; namely, those with slow-freeze, thaw and transfer of cleavage stage embryos. While this may not represent contemporary practice in all clinics, supernumerary day three embryos are likely stored in most cryopreservation programs, and as such, it still is relevant to define optimal transfer criteria. Other strengths of this study include the use of log binomial regression analyses, which allowed the relative contribution of each covariate to be determined, and the comprehensive evaluation of both embryo and cyclespecific parameters. Another important strength that enhances the internal validity of our dataset is the consistency of our laboratory and clinical protocols during the ten-year study period (e.g. the embryo cryopreservation and thaw protocols, and the protocols for morphological grading, transfer techniques and luteal phase support).
In conclusion, our model indicates that the individualized risk of twin live birth following cryopreserved DET varies considerably (from 6 % to 53 %) according to post-thaw embryo morphology, viability and developmental stage, resumption of mitosis in post-thaw culture, total number of cells transferred and patient age at CET. External validation of this model is now required in order to prove that the individualized risk of twin birth can be estimated from our derived exponential equation. If validity is proven, our prediction model will be useful for physicians when counseling patients regarding the risk of twins following transfer of two thawed day 3 embryos.
